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APPARATUS AND METHOD FOR 
AUTOMATIC OMNI-DIRECTIONAL VISUAL 
MOTION-BASED COLLISION AVOIDANCE 

FEDERALLY-SPONSORED RESEARCH AND 
DEVELOPMENT 

This subject matter (Navy Case No. 98,834) Was developed 
With funds from the United States Department of the Navy. 
Licensing inquiries may be directed to O?ice of Research and 
Technical Applications, Space and Naval Warfare Systems 
Center, San Diego, Code 2112, San Diego, Calif., 92152; 
telephone (619) 553-2778; email: T2@spaWar.navy.mil. 

FIELD OF THE INVENTION 

The present invention applies to devices for providing an 
improved mechanism for automatic collision avoidance, 
Which is based on processing of visual motion from a struc 
tured array of vision sensors. 

BACKGROUND OF THE INVENTION 

Prior art automobile collision avoidance systems com 
monly depend upon Radio Detection and Ranging (“RA 
DAR”) or Light Detection and Ranging (“LIDAR”) to detect 
and determine object range and azimuth of a foreign object 
relative to a host vehicle. The commercial use of these tWo 
sensors is currently limited to a narroW ?eld of vieW in 
advance of the automobile. Preferred comprehensive colli 
sion avoidance is 360-degree aWareness of obj ects, moving or 
stationary, and prior art discloses RADAR and LIDAR 
approaches to 360-degree coverage. 

The potential disadvantages of 360-degree RADAR and 
LIDAR are expense, and the emission of energy into the 
environment. The emission of energy Would become a prob 
lem When many systems simultaneously attempt to probe the 
environment and mutually interfere, as should be expected if 
automatic collision avoidance becomes popular. LoWer fre 
quency, longer Wavelength radio frequency (RF) sensors such 
as RADAR suffer additionally from loWer range and azimuth 
resolution, and loWer update rates compared to the require 
ments for 360-degree automobile collision avoidance. 
Phased-array RADAR could potentially overcome some of 
the limitations of conventional rotating antenna RADAR but 
is as yet prohibitively expensive for commercial automobile 
applications. 

Visible light sensors offer greater resolution than loWer 
frequency RADAR, but this potential is dependent upon 
adequate sensor focal plane pixel density and adequate image 
processing capabilities. The focal plane is the sensor’s recep 
tor surface upon Which an image is focused by a lens. Prior art 
passive machine vision systems used in collision avoidance 
systems do not emit energy and thus avoid the problem of 
interference, although object-emitted or re?ected light is still 
required. Passive vision systems are also relatively inexpen 
sive compared to RADAR and LIDAR, but single camera 
systems have the disadvantage of range indeterminacy and a 
relatively narroW ?eld of vieW. HoWever, there is but one and 
only one trajectory of an object in the external volume sensed 
by tWo cameras that generates any speci?c pattern set in the 
tWo cameras simultaneously. Thus, binocular registration of 
images can be used to de-confound object range and azimuth. 

Multiple camera systems in su?icient quantity can provide 
360-degree coverage of the host vehicle’s environment and, 
With overlapping ?elds of vieW can provide information nec 
essary to determine range. US. Patent Application Publica 
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2 
tion No. 2004/0246333 discloses such a con?guration. HoW 
ever, the required and available vision analyses for range 
determination from stereo pairs of cameras depend upon 
solutions to the correspondence problem. The correspon 
dence problem is a dif?culty in identifying the points on one 
focal plane projection from one camera that correspond to the 
points on another focal plane projection from another camera. 
One common approach to solving the correspondence 

problem is statistical, in Which multiple analyses of the fea 
ture space are made to ?nd the strongest correlations of fea 
tures betWeen the tWo projections. The statistical approach is 
computationally expensive for a tWo camera system. This 
expense Would only be multiplied by the number of cameras 
required for 360-degree coverage. Camera motion and object 
motion offer additional challenges to the determination of 
depth from stereo machine vision as object image features 
and focal plane projection locations are changing over time. 
In collision avoidance, hoWever, the relative movement of 
objects is a key consideration, and thus should ?gure princi 
pally in the selection of objects of interest for the assessment 
of collision risk, and in the determination of avoidance 
maneuvers. A machine vision system based on motion analy 
sis from an array of overlapping high-pixel density vision 
sensors, could thus directly provide the most relevant infor 
mation, and could simplify the computations required to 
assess the ranges, azimuths, elevations, and behaviors of 
objects, both moving and stationary about a moving host 
vehicle. 
The present subject matter overcomes all of the above 

disadvantages of prior art by providing an inexpensive means 
for accurate object location determination for 360 degrees 
about a host vehicle using a machine vision system composed 
of an array of overlapping vision sensors and visual motion 
based object detection, ranging, and avoidance. 

SUMMARY OF THE INVENTION 

A method of identifying and imaging a high risk collision 
object relative to a host vehicle according to one embodiment 
of the invention includes the step of arranging a plurality of N 
high-resolution limited-?eld-of-vieW sensors for imaging a 
three-hundred and sixty degree horizontal ?eld of vieW 
(hFOV) around the ho st vehicle. In one embodiment, the 
sensors are mounted to a vehicle in a circular arrangement and 
so that the sensors are radially equiangular from each other. In 
one embodiment of the invention, the sensors can be arranged 
so that the sensor hFOV’ s may overlap to provide coverage by 
more than one sensor for most locations around the vehicle. 
The sensors can be visible light cameras, or alternatively, 
infrared (IR) sensors. 
The methods of one embodiment of the present invention 

further includes the step of comparing contrast differences in 
each camera focal plane to identify a unique source of motion 
(hot spot) that is indicative of a remote object that is seen in 
the ?eld of vieW of the sensor. For the methods of the present 
invention, a ?rst hot spot in one sensor focal plane is corre 
lated to a second hot spot in another focal plane of at least one 
other of N sensors to yield range, azimuth and trajectory data 
for said object. The sensors may be immediately adjacent to 
each other, or they may be further apart; more than tWo 
sensors may also have a hot spot that correlate to the same 
object, depending on the number N of sensors used in the 
sensor array and the hFOV of the sensors. 
The hot spots are correlated by a central processor to yield 

range and trajectory data for each located object. The proces 
sor then assesses a collision risk With the object according to 
the object’s trajectory relative to the host vehicle. In one 
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embodiment of the invention, the apparatus and methods 
accomplish a pre-planned maneuver or activates and audible 
or visual alarm, as desired by the user. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The novel features of the present invention Will be best 
understood from the accompanying drawings, taken in con 
junction With the accompanying description, in Which simi 
larly-referenced characters refer to similarly referenced parts, 
and in Which: 

FIG. 1 shoWs a general overall architecture of a collision 
avoidance apparatus in accordance With the present inven 
tion; 

FIG. 2 depicts one orientation of video cameras for the 
sensor array shoWn in FIG. 1; 

FIG. 3 is a front elevational vieW Which shoWs one example 
arrangement of the sensor array and vehicle of FIG. 1; 

FIG. 4 shoWs is a side elevational vieW of the arrangement 
if FIG. 3. 

FIG. 5 is a top plan vieW of the arrangement of FIG. 3, 
Which illustrates the overall coverage of the sensors; 

FIG. 6 illustrates hoW the horizontal ?eld of vieW of the 
adjacent cameras shoWn in FIG. 3 is used to resolve range 
ambiguities of objects to yield object range and trajectory; 

FIG. 7 shoWs the unique co-coverage of seven different 
regions of the visual space possible for one hemi-focal plane 
of one representative camera; 

FIG. 8 shoWs one method of triangulation that can be used 
to determine target range from any pair of cameras With 
overlapping visual ?elds; and, 

FIG. 9 is a flow chart shoWing the steps of a method in 
accordance With an embodiment of the present invention. 

DETAILED WRITTEN DESCRIPTION 

The overall architecture of this collision avoidance method 
and apparatus is shoWn in FIG. 1. The machine visual motion 
based object avoidance apparatus 10 is composed of four 
principal parts: sensor array 1, peripheral image processors 2, 
central processor 3, and controlled mobile machine 4 (re 
ferred to alternatively as “host vehicle”). Information is gen 
erated by detection by the sensor array 1 of objects 5 that are 
located in the environment of the controlled mobile machine 
4, and ?oWs in a loop through the system parts 1, 2, 3, and 4, 
contributing more or less to the motion of the machine 4, 
altering more or less its orientation With respect to the objects 
5, and producing neW information for detection at sensor 
array 1 at predetermined time intervals, all in a manner more 
fully described hereinafter. 

Sensor array 1 provides for the passive detection of emis 
sions and re?ections of ambient light from remotely-located 
objects 5 in the environment. The frequency of these photons 
may vary from infrared (IR) through the visible part of the 
spectrum, depending upon the type and design of the detec 
tors employed. In one embodiment of the invention, high 
de?nition video cameras can be used for the array. It shouldbe 
appreciated, hoWever, that other passive sensors could be 
used in the present invention for detection of remote objects. 
An array of N sensors, Which for the sake of this discussion 

are referred to as video cameras, are a?ixed to a host vehicle 

so as to provide 360-degree coverage of a volume around host 
vehicle 4. Host vehicle 4 moves through the environment, 
and/or objects 5 in the environment move such that relative 
motion betWeen vehicle 4 and object 5 is sensed by tWo or 
more video cameras 12 (See FIG. 2) in sensor array 1. The 
outputs of the cameras are distributed to image processors 2. 
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4 
In one embodiment, each video camera 12 can have a 

corresponding processor 2, so that outputs from each video 
camera are processed in parallel by a respective processor 2. 
Alternatively, one or more buffered high speed digital pro 
cessors may receive and analyZe the outputs of one or more 
cameras serially. 
The optic How (the perceived visual motion of objects by 

the camera due to the relative motion betWeen object 5 and 
cameras 12 in sensor array 1 (FIG. 2) is analyZed by the image 
processors 2 for X andY normal ?oW vectors. The X andY 
normal ?oW vectors are the rates and directions of change in 
the position of contrast borders on the X (horizontal) axis and 
Y (vertical) axis of the focal plane. Further processing by 
image processors 2 yields the normal ?oW vectors for unique 
and salient motion Within the visual ?eld of vieW of each 
camera. The outputs of the image processors 2 are the respec 
tive focal plane coordinates of the unique and salient visual 
motion of obj ects 5 detected Within the visual ?eld of vieW of 
each camera, termed hereafter as hot-spots. These outputs are 
sent in parallel to central processor 3. The central processor 3 
compares the coordinates of the hot-spots betWeen groups of 
cameras With common overlapping visual hemi ?elds and 
calculates estimates of object range, aZimuth, and elevation, 
and the process is repeated at predetermined intervals accord 
ing that are selected by the user according using factors such 
as tra?ic environment maneuverability of vehicle 4, etc. The 
central processor 3 then estimates object trajectories and 
assesses the object 5 collision risk With the host vehicle 4 
using the methods described in US. patent application Ser. 
No. 12/144,019, for an invention by Michael Blackburn 
entitled “A Method for Determining Collision Risk for Col 
lision Avoidance Systems”, Which is hereby incorporated by 
reference. If collision risk is determined to be loW for all 
sources, no avoidance response output is generated by central 
processor 3. Otherwise, central processor 3 determines a col 
lision avoidance response based on the vector sum of all 
detected objects 5, and orders collision avoidance execution 
through the control apparatus of the host vehicle 4, if permit 
ted by the human operator in advance. 

In one embodiment, the avoidance response is determined 
in accordance With the methods described in US. patent 
application Ser. No. 12/145,670 by Michael Blackburn for an 
invention entitled “Host-Centric Method for Automobile 
Collision Avoidance Decisions”, Which is hereby incorpo 
rated by reference. Both of the ’019 and ’670 applications 
have the same inventorship as this patent application, as Well 
as the same assignee, the US. Government, as represented by 
the Secretary of the Navy. As cited in the ’ 670 application, for 
an automobile or unmanned ground vehicle (U GV), the con 
trol options may include modi?cation of the host vehicle’s 
acceleration, turning, and braking. 

During all maneuvers of the host vehicle, the process is 
continuously active, and information ?oWs continuously 
through 1-4 of apparatus 10 in the presence of objects 5, 
thereby involving the control processes of the host vehicle 4 
as necessary. 

Referring noW to FIG. 2, the sensor array 1 is shoWn in 
more detail. As shoWn in FIG. 2, sensor array 1 is composed 
of a plurality of N video cameras 12 With a horiZontal ?eld of 
vieW (hFOV) such that hFOV/2>>J'IZ/N radians. For the 
embodiment shoWn in FIG. 2, N:16, cameras 12 each have a 
hFOV/2:J1:/4, Which is greater than 313/16. One such orienta 
tion of video cameras 12 is shoWn in FIG. 2, Where a plurality 
of video cameras, of Which cameras 12a-12p are representa 
tive, is arranged around circular frame 28 to ensure a three 
hundred and sixty (360) degree hFOV coverage around 
vehicle 4. Each camera 12 has a horiZontal ?eld of vieW 
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(hFOV) of ninety degrees, or J's/2 radians (11FOV:J'|§/2 radi 
ans). The J'c/2 radian (90 degree) hFOV’s are indicated by 
angle 14 in FIG. 2. 

Additionally, each camera 12 has a vertical ?eld of vieW 
(vFOV) 18, see FIG. 3, of 31/4 radians, a frame rate of 30 HZ 
or better, and a pixel resolution of 1024x780 (1024 horizon 
tal><780 vertical pixels, or a 0.8 megapixel camera) orbetter in 
equidistant ?xed locations about the circumference of a cir 
cular frame 28. With N cameras, the center of focus of each 
camera is 2J'|:/N radians displaced from those of its tWo nearest 
neighbor cameras 12. With 16 cameras the displacement is 
31/8 radians betWeen adjacent centers of focus. 

FIGS. 3-5 illustrate an exemplary location of array 1 on 
vehicle 4. As shoWn is FIGS. 3-5, sensor array 1 can be 
mounted in a ?xed position on the rotational center of the 
moving host vehicle 4, parallel to the travel plane of the host 
vehicle 4, such that video cameras 12 are able to scan, unob 
structed, the travel plane 30 on Which the host vehicle 4 
moves. As shoWn in FIG. 5, diameter F of the sensor array 1 
should approximate the maximum Width W of host vehicle 4 
on Which it is attached. 
As shoWn in FIGS. 3 and 4, the degree of tilt of the indi 

vidual cameras 12 in sensor array 1 is dependent upon the 
magnitude of the vFOV 18 and upon the desired perspective 
With respect to the vehicle 4. More speci?cally, the tilt of each 
camera 12 can be ?xed to be negative With respect to a plane 
17 that is co-planar With sensor array 1 so that a greater part of 
the vFOV 18 covers the road plane 30. The portion of the 
vFOV that remains sensitive to activity above the plane 17 of 
the sensor array permits an assessment of the driving clear 
ance above the height H of vehicle 4. 

For the embodiment of the present invention shoWn in 
FIGS. 3 and 4, greater road coverage is achieved With a 
camera tilt of —18 degrees (—0.3142 radians) from the hori 
Zontal plane. With a vFOV of 45 degrees and a camera tilt of 
— 1 8 degrees, the residual above horizontal plane 17 Would be 
approximately 4.5 degrees. A frontal vieW of the host vehicle 
With the camera perspective is shoWn in FIG. 3, a side vieW is 
shoWn in FIG. 4 and a top plan vieW of vehicle 4 is shoWn in 
FIG. 5. In FIGS. 3-5, E is the range from vehicle 4 at Which the 
vFOV intersects the ground plane 16; it is also the minimum 
range at Which objects With negative elevation With respect to 
ground plane (i.e., ditches and pot holes) can be assessed, and 
D is the maximum elevation from plane 17 at Which objects 5 
can be assessed by cameras 12 (i.e., D is the upper bound of 
vFOV 18). At distances beyond minimum range E, all objects 
exhibiting motion relative to vehicle 4 Within vFOV 18 can be 
detected and assessed for range, azimuth, and elevation. 
Thus, minimum and maximum ranges are a function of the tilt 
angle of the cameras 12, of the camera vFOV 18 and of the 
camera resolution, all of Which can be pre-selected according 
to user needs. 

By referring back to FIG. 2, it can be seen that except for a 
corona-shaped volume (denoted by 26) surrounding the 
frame 28, the maximum extent of Which is a function of the 
separation of the cameras 12 on the perimeter of the sensor 
array 1, each point in the entire visual space surrounding the 
vehicle 4 is covered by the hFOV 14 of tWo or more cameras 
12. With N:1 6, and individual camera hFOVI90 degrees, the 
largest number of cameras overlapping any particular point in 
the combined 360 degree ?eld of vieW Will be four. This is 
because overlap of the ?elds of vieW of any tWo cameras is a 
function of the average angle of their hFOV and orientation 
difference, Which is based on the number N of cameras 12 in 
array 1). Another Way to predict overlap is to note that 
16><90:1440, While 1440/360I4. Ofinterest also is the ques 
tion of the possibility of using cameras With narroWer hFOV, 
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6 
say 60 degrees. To accomplish a similar coverage With cam 
eras having a 60 degree hFOV, 24 cameras Would be required 
(1440/ 60:24). When the orientation difference is equal to or 
greater than their average hFOV, overlap becomes impos 
sible. When the average hFOV of any tWo cameras is 90 
degrees, and the orientation difference increases With rotation 
about the frame by 22.5 degrees, by the fourth camera out the 
rotation has accumulated to 4x225 degrees, or 90 degrees, 
and overlap of additional cameras is no longer possible. 
Graphically, this is shoWn by hFOV limits 22 and 24 in FIG. 
2, Which are parallel. The parallel lines represent the limits of 
the hFOV of cameras 12j and 12], respectively. 

Prior art provides several methods of video motion analy 
sis. One method that could be used herein emulates biological 
vision, and is fully described in Blackburn, M. R., H. G. 
Nguyen, and P. K. Kaomea, “Machine Visual Motion Detec 
tion Modeled on Vertebrate Retina,” SPIE Proc. 980: Under 
Water Imaging, San Diego, Calif.; pp. 90-98 (1988). Motion 
analyses using this technique may be performed on sequential 
images in color, in gray scale, or in combination. For simplic 
ity of this disclosure, only processing of the gray scale is 
described further. The output of each video camera is distrib 
uted directly to its image processor 2. The image processor 2 
performs the folloWing steps as described herein to accom 
plish the motion analysis: 

First, any differences in contrast betWeen the last observed 
image cycle and the present time frame are evaluated and 
preserved in a difference measure element. Each difference 
measure element maps uniquely to a pixel on the focal plane. 
Any differences in contrast indicate motion. 

Next, the differences in contrast are integrated into local 
overlapping receptive ?elds. A receptive ?eld, encompassing 
a plurality of difference measures, maps to a small-diameter 
local region of the focal plane, Which is divided into multiple 
receptive ?elds of uniform dimension. There is one output 
element for each receptive ?eld. Four receptive ?elds alWays 
overlap each difference measure element, thus four output 
elements Will alWays be active for any one active difference 
measure element. The degree of activation of each of the four 
overlapping output elements is a function of the distance of 
the active difference element from the center of the receptive 
?eld of the output element. In this Way, the original location of 
the active pixel is encoded in the magnitudes of the output 
elements Whose receptive ?elds encompass the active pixel. 

For the next step of the image processing by image proces 
sor 2, orthogonal optic ?oW (motion) vectors are calculated. 
As activity ?oWs across individual pixels on the focal plane, 
the magnitude of the potentials in the overlapping integrated 
elements shifts. To perform motion analysis in step 3, the 
potentials in the overlapping integrated elements are distrib 
uted to buffered elements over a speci?c distance on the four 
cardinal directions. This buffered activity persists over time, 
degrading at a constant rate. NeW integrated element activity 
is compared to this buffered activity along the different direc 
tions and if an increase in activity is noted, the difference is 
output as a measure of motion in that direction. For every 
integrated element at every time t there is a short history of 
movement in its direction from its cardinal points due to 
previous cycles of operation for the system. These motions 
are assessed by preserving the short time history of activity 
from its neighbors and feeding it laterally backWard relative 
to the direction of movement of contrast borders on the recep 
tor surface to inhibit the detection of motion in the reverse 
direction. The magnitude of the resultant activity is correlated 
With the velocity of the contrast changes on the X (horiZontal) 
orY (vertical) axes. Motion along the diagonal, for example, 
Would be noted by equal magnitudes of activity on X andY. 
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Larger but equivalent magnitudes Would indicate greater 
velocities on the diagonal. After the orthogonal optic ?oW 
(motion) vectors described above are calculated, opposite 
motion vectors can be compared and contradictions can be 
resolved. 

After the basic motion analysis is completed as described 
above, the image processors 2 calculate the most salient 
motion in the visual ?eld. Motion segmentation is used to 
identify saliency. Prior art provides several methods of 
motion segmentation. One method that could be used herein 
is more fully described in Blackburn, M. R. and H. G. 
Nguyen, “Vision Based Autonomous Robot Navigation: 
Motion Segmentation”, Proceedings for the Dedicated Con 
ference on Robotics, Motion, and Machine V1S1OI1 in the 
Automotive Industries. 28”’ ISATA, 18-22 Sep. 1995, Stut 
tgart, Germany, 353-360. 

The process of motion segmentation involves a compari 
son of the motion vectors betWeen local ?elds of the focal 
plane. The comparison employs center-surround interactions 
modeled on those found in mammalian vision systems. That 
is, the computational plane that represents the output of the 
motion analysis process above is reorganiZed into a plurality 
of neW circumscribed ?elds. Each ?eld de?nes a center When 
considered in comparison With the immediate surrounding 
?elds. Center-surround comparisons are repeated across the 
entire receptive ?eld. Center-surround motion comparisons 
are composed of tWo parts. First, attention to constant or 
expected motion is suppressed by similar motion fed forWard 
across the plane from neighboring motion detectors Whose 
activity Was assessed over the last feW time samples, and 
second, the resulting novel motion is compared With the sums 
of the activities of the same and opposite motion detectors in 
its local neighborhood. The sum of the same motion detectors 
Within the neighborhood suppresses the output of the center 
While the sum of the opposite detectors Within the neighbor 
hood enhances it. 

Finally, the resulting activities in the ?elds (centers) are 
compared and the ?elds With the greatest activities are 
deemed to be the “hot spots” for that camera 12 by its image 
processor 2. 

Information available on each hot spot that results from the 
above described motion analysis process yields the X coor 
dinate, Y coordinate, magnitude of X velocity, and magnitude 
of Y velocity for each hot spot. 

In one embodiment, image processors 2 (See FIG. 1) canbe 
a dedicated silicon-based video processing chip. This chip 
may be developed using resistive-capacitive micro -integrated 
circuits to implement in parallel the logical processes 
described above, and interfaced directly to the image trans 
ducer of the video focal plane. With large production vol 
umes, the cost of this embodiment Would be feasible. Alter 
natively, a ?eld programmable gate array (FPGA) may be 
programmed to perform the same functions. 

For each computation cycle, the central processor 3 (See 
FIG. 1) receives and buffers any and all coordinates of the 
hot-spots along With the identity of the detecting sensor, from 
the N peripheral image processors 2 (See FIG. 1). 

Hot-spots are described for speci?c regions of the focal 
plane of each camera 12. The siZe of the regions speci?ed, and 
their center locations in the focal plane, are optional, depend 
ing upon the performance requirements of the motion seg 
mentation application, but for the purpose of the present 
examples, the siZe is speci?ed as a half of the total focal plane 
of a camera, divided doWn the vertical midline of the focal 
plane, and their center locations are speci?ed as the centers of 
each of the tWo hemi ?elds of the focal plane. To ensure 
correspondence betWeen different sensors having overlap 
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8 
ping ?elds of vieW, image processors 2 identify the hot-spots 
on each hemi-focal plane (hemi-?eld) independently of each 
other. As can be seen from the overlapping hFOV’s in FIG. 2, 
neighboring cameras 12 can detect and segment the unique 
motions of object 5 in FIG. 1 and represent that object’s 
coordinates in pairs of hemi-?elds betWeen from tWo to four 
cameras depending on the range, aZimuth, and elevation of 
the object 5. Additionally, With the sensor array oriented 
parallel to the ground plane, a distant object 5 Will produce 
hot spots in either the upper or loWer quadrants of tWo or more 
focal planes, but not both upper and loWer quadrants simul 
taneously. Thus, the search for corresponding hot spots can be 
constrained by common elevations. Thus, if only one 
uniquely moving object 5 exists, and it is successfully 
detected and segmented from the background by tWo or more 
cameras, then the pairs of coordinates Will obviously 
uniquely identify its relative range, aZimuth, and elevation. 
HoWever, tWo or more objects couldbe segmented per camera 
With the examination of activity in the tWo hemi-?elds of the 
focal plane. This is possible because over a short time history, 
no information is deleted. Instead, all information is updated 
With the accumulation of neW data, preserved in buffers at 
successive stages in the processing, and prioritiZed through 
competition for forWarding to the next steps in the process. 
Processing to this point simpli?es the correspondence prob 
lem, but does not yet solve it under all ambiguities. Additional 
procedures disclosed beloW provide a resolution of hot spot 
ambiguities and solve the correspondence problem for 
sources of motion in multiple focal planes. 

FIG. 6 shoWs the visual ?elds of the left focal planes (L), 
and the right focal planes (R) for three representative cameras 
12c-12e from sensor array 1 of FIG. 2. As shoWn in FIG. 6, 
visual ?elds 14c, 14d and 14e are marked. Except for the 
small regions 26 that are detected by only one camera (region 
26d is shoWn in FIG. 6), and the even smaller regions (I) that 
are not covered by any camera, all other regions are detected 
by the left focal planes of at least one camera and simulta 
neously the right focal plane of at least one other camera. For 
example, object 511 is located in the right visual hemi-?elds of 
cameras 12d and 12e and thus project to their left focal planes 
32dL and 32eL, respectively. At the same time, object 511 is 
located in the left visual hemi-?eld of camera 120 and thus 
projects to the right focal plane 320R of camera 120, as shoWn 
in FIG. 6 (note that left visual hemi?elds are inverted to 
corresponding right focal planes, and vice versa). 

In the case Where several or all focal planes each contain a 
hot spot, the search is more complicated, yet correspondence 
can be resolved With the folloWing procedure. The procedure 
involves the formation of hypotheses of correspondences for 
pairs of hot spots in neighboring cameras and the testing 
against the observed data of the consequences of the those 
assumptions on the hot spots detected in the different focal 
planes. To do this, and referring noW to FIG. 7, seven regions 
(labeled 0t, [3, y, e, 6, ‘Q, and 11, respectively, in FIG. 7) are 
de?ned in the visual space by their projections to a camera’s 
hemi-focal plane. The regions are distinguished by range and 
aZimuth relative to the hemi-focal plane and thus differ in the 
combinations of other camera hemi-focal planes to Which a 
target located in the region Would project. 
The regions 0t, [3, y, 6, ‘Q, and 11 labeled in FIG. 7 correspond 

to the right hemi-focal plane (left visual hemiplane) of cam 
era 121' (all camera hemi-focal planes have a similar set of 
regions). Note that an object Whose range and aZimuth Would 
place it only in region a Would be detected only in the hemi 
focal plane 321R of camera 121' and in a hemi-focal plane of 
no other camera. An object Whose location is in the region 6 
Would be detected in the hemi-focal planes 32kL, 32jL, 321R 
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and no others. Thus, after calculations of range and azimuth 
by using data from hot spot detections in the hemi-focal 
planes 32jL and 321R place the object in region 6, and an 
additional hot spot should additionally be detected in 32kL 
only, from Which the similar range and azimuth should be 
derived through calculations involving the hot spot. 
A hypothesis of the location of a target in one of the seven 

regions is initially formed using data from tWo neighboring 
cameras. When the hypotheses are con?rmed by ?nding 
required hot spot locations in correlated cameras, the corre 
spondence is assigned, else the correspondence is negated 
and the hot spot is available for assignment to a different 
source location. In this Way the process moves around the 
circle of hemi ?elds until all hot spots are assigned to a source 
location in the sensor ?eld. 

Referring back to FIG. 6 as a further example, object 5b is 
located in visual ?eld 140 of camera 120, and in the visual 
?eld 14d of camera 12d. Its calculated range and aZimuth 
Would place it in the visual ?eld of no other cameras, thus no 
hypothesis Would be made concerning its detection by a cam 
era other than 120 and 12d. Object 5a is also located in the 
visual ?elds 14d of camera 12d and 14e of camera 12e. As 
there are no other hot spots evident in the right hemi-focal 
plane of camera 120, an assumption of occlusion of 511 by 5b 
is justi?ed. The range and aZimuth of 511 can be calculated 
from the additional data of cameras 120 and 12d and the 
results Would indicate that a hot spot should also be detected 
at a speci?c hemi-focal plane location in camera 12e. After 
con?rmation of this hypothesis, object 511 can be triangulated 
and evaluated as a single target that is separate and distinct 
from object 5b. In this manner, all hot spots in the sensor ?eld, 
are correlated to establish locations of objects 5 in the overall 
?eld of vieW (even those objects subject to partial occlusion, 
unless the object is located Within a one camera region such as 
26d or Within the regions (I) in FIG. 6. 

In summary, unique and salient sources of motion at com 
mon elevations on tWo hemi-focal planes from different cam 
eras having overlapping receptive ?elds can be used to predict 
other hot spot detections. Con?rmation of those predictions is 
used to establish the correspondences among the available 
data and uniquely localiZe sources in the visual ?eld. 

The process of calculating the aZimuth of an object 5 rela 
tive to the host vehicle 4 from the locations of the object 5’s 
projection on tWo neighboring hemi-focal planes can be 
accomplished by ?rst recogniZing that a secant line to the 
circle de?ned by the perimeter 28 of the sensor array Will 
alWays be normal to a radius of the circle. The secant is the 
line connecting the locations of the focal plane centers of the 
tWo cameras used to triangulate the object 5. The tangent of 
the object 5 angle relative to any focal plane is the ratio of the 
camera-speci?c focal length and the location of the image on 
the plane (distance from the center on X andY). The object 5 
angle relative to the secant is the angle plus the offset of the 
focal plane relative to the secant. For a tWo-camera secant 
(baseline) (See baseline 16 of FIG. 2), this angle is 22.5/2 
degrees; for a three-camera baseline secant (34 in FIG. 2) the 
angle is 22.5 degrees; While for a four-camera baseline (base 
line 20 in FIG. 2) the offset angle is 33 .75 degrees. Finally, the 
object 5 angle relative to the heading of the vehicle 4 center of 
the sensor array is given by the folloWing equation: 

Object 5 azimuth:(azimuth of center of focal 
plane#l+object 5 angle from focal plane#+azi— 
muth of center of focal plane#2—object 5 angle 
from focal plane#2)/2 l[l] 

The addition or subtraction of the above elements depends 
upon the assignment of relative aZimuth values With rotation 
about the host. In one embodiment, angles can increase With 
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10 
counterclockwise rotation on the camera frame, With Zero 
aZimuth representing an object 5 directly in the path of the 
host vehicle. 

Target range is a function of object 5 angles as derived 
above, and inter-focal plane distance, and may be triangulated 
as shoWn in FIG. 8. The information available from each pair 
of focal planes is angle-side-angle. The laW of sines is useful 
here: 

a:(c/sin C)sin A and b:(c/sin C)sin B [2] 

Where, 
c is the distance betWeen the tWo focal plane centers; 
A and B are the angles (in radians) to the object 5 that Were 

derived from Equation [1], and C is J'IZ—(A+B); and, 
a and b are the distances to the object 5 from the tWo focal 

planes respectively. 
The preferred object 5 range is the minimum of a and b. 

Target elevation Will be a direct function of theY location of 
the hot-spot on the image plane and range of the source. 

Nearby objects necessarily pose the greatest collision risk. 
Therefore, ?rst neighboring pairs of cameras for common 
sources of hot spots should be examined. For example, and 
referring to FIG. 6, given a hot spot in the right half of the 
focal plane 32cR of camera 120, corresponding to an object 
located in the left visual ?eld 140 of camera 120, a projection 
should be expected in the left half of the focal plane 32dL of 
camera 14d, corresponding to an object located in the right 
visual ?eld 14d of camera 12d. This is evident in the example 
of FIG. 6. Moreover, at greater distances, hot spots due to the 
same source should be expected in neighboring cameras more 
distant than adjacent cameras adjacent cameras 120 and 12d 
(such as the detection of object 5a by cameras 120 and 12e in 
FIG. 6). Optimal range and aZimuth resolution Will depend 
upon the selection of camera pairs that detect the same source 
and have the greatest camera separation. Because of the 
knoWn geometry of the camera array, predictions can be made 
regarding the potential location of hot spots in subsequent 
neighboring cameras 12. These predictions are made by 
Working backWards from the process involving equations [1] 
and [2] above. 

In summary, the process of camera pair selection depicted 
involves the folloWing steps. First, calculate range and aZi 
muth of object 5 detected by immediate neighbor pairs of 
cameras 12. If range and aZimuth from the immediate neigh 
bor pairs indicate that the next lateral neighbor should detect 
object 5, repeat the calculation based on a neW parings With 
the next later neighbor camera 12. This step should be 
repeated for subsequent lateral neighbor cameras 12 until no 
additional neighbor camera 12 sees object 5 at the anticipated 
aZimuth and elevation. Finally, the location data for object 5 
that Was provided by the camera pairs With the greatest inter 
camera distance is assigned by the central processor as the 
located data for the object 5. 

Collision risk is determined using the same process as is 
described in Us. patent application Ser. No. 12/144,019, for 
an invention by Michael Blackburn entitled “A Method for 
Determining Collision Risk for Collision Avoidance Sys 
tems”, except that the data associated With the hot spots of the 
present subject matter are substituted for the data associated 
With the leading edges of the prior inventive subject matter. 
The data provided by the above motion analysis and seg 

mentation processes to the collision assessment algorithms 
include object range, aZimuth, and motion on X, and motion 
onY on the focal plane. The method of determining collision 
risk described in Us. patent application Ser. No. 12/ 144,019 
requires repeated measures on an object to assess change in 
range and aZimuth. While the motion segmentation method 
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above often results in repeated measures on the same object, 
it does not alone guarantee that repeated measures Will be 
made su?icient to assess changes in range and azimuth. HoW 
ever, once an object’s range, azimuth, and X/Y direction of 
travel have been determined by the above methods, the object 
may be tracked by the visual motion analysis system over 
repeated time samples to assess its changes in range and 
azimuth. This tracking is accomplished by using the X andY 
motion information to predict the next locations on the focal 
planes of the hot spots on subsequent time samples and 
assess, if the predictions are veri?ed by the neW observations, 
the neW range and azimuth parameters of the object Without 
?rst undertaking the motion segmentation competition. With 
this additional information on sequential ranges and azi 
muths, the tWo inventive subject matters of Us. patent appli 
cation Ser. No. 12/144,019 and the present are compatible. If 
either RADAR or LIDAR and machine vision systems are 
available to the same host vehicle the processes may be per 
formed With the different sources of data in parallel. 

Generally, the method of the present subject matter is shoW 
in FIG. 9. A system using the present method receives hot spot 
(HS) coordinates at step 601, compares coordinates of neigh 
boring cameras at step 602 and calculates azimuth and range 
data at step 603, as described above. At decision step 604, the 
system Will determine Whether the HS appears in cameras 
that are more distant from the ?rst camera than the adjacent 
cameras. If so, the system Will return to step 602 to compare 
the coordinates of the farther cameras With the original cam 
era. If not, then the system Will proceed to step 605 to deter 
mine the risk of collision. At decision step 606, the system 
Will consider Whether the collision risk is high enough to 
require an object avoidance response. If not, then the system 
returns to step 601. If so, then the system proceeds to step 607 
and determines an object avoidance response. Last, at step 
608, the system Will cause a host vehicle to execute the 
collision avoidance response. 

The advantage of assessing multiple camera pairs to ?nd 
the greatest baseline is in the increased ability to assess range 
differences at long distances. For example, When the radius of 
the sensor frame is 0.75 meter, the inter-focal plane distance 
Will be tWenty-nine centimeters (29 cm). The distance 
betWeen every second focal plane Will be 57 cm, and the 
distance betWeen every third focal plane Will be eighty-three 
centimeters (83 cm), Which is a signi?cant baseline for range 
determination of distant objects. 
An additional factor Will be the resolution of the image 

sensors and the receptive ?eld size required for motion seg 
mentation. These quantities Will determine the range and 
azimuth sensitivity and resolution of the process. Given an 
optical system collecting light from a 90 degree hFOV With a 
pixel roW count of 1024, each degree of visual angle Will be 
represented by approximately 11 pixels. The angular resolu 
tion Will thus be 1/11 degree, or 5.5 arc minutes; With a 60 
degree hFOV, and a pixel roW count of 2048, the resolution is 
improved to 1.7 arc minutes. 

The method of the present subject matter does not require 
cueing by another sensor system such as RADAR, SONAR, 
or LIDAR. It is self-contained. The method of self-cueing is 
related to the most relevant parameters of the object; its prox 
imity and unique motion relative to host vehicle 4. 
Due to motion parallax caused by self motion of the host 

vehicle, nearby objects Will create greater optic ?oWs than 
more distant objects. Thus a moving host on the ground plane 
that does not maintain a precise trajectory can induce transi 
tory visual motion associated With other constantly moving 
objects, and thus assess their ranges, azimuths, elevations, 
and trajectories. This approach is a hybrid of passive and 
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active vision. The random vibrations of the camera array may 
be su?icient to induce this motion While the host vehicle is 
moving, but, if, not then the frame itself may be jiggled 
electro-mechanically to induce optic How. The most signi? 
cant and salient locations of this induced optic How Will occur 
at sharp distance discontinuities, again causing nearby 
objects to stand out from the background. 
The previous description of the disclosed embodiments is 

provided to enable any person skilled in the art to make or use 
the present inventive subject matter. Various modi?cations to 
these embodiments Will be readily apparent to those skilled in 
the art, and the generic principles de?ned herein may be 
applied to other embodiments Without departing from the 
spirit or scope of the inventive subject matter. For example, 
one or more elements can be rearranged and/ or combined, or 
additional elements may be added. Thus, the present inven 
tive subject matter is not intended to be limited to the embodi 
ments shoWn herein but is to be accorded the Widest scope 
consistent With the principles and novel features disclosed 
herein. 

It Will be understood that many additional changes in the 
details, materials, steps and arrangement of parts, Which have 
been herein described and illustrated to explain the nature of 
the invention, may be made by those skilled in the art Within 
the principal and scope of the invention as expressed in the 
appended claims. 
What is claimed is: 
1. A method of identifying and imaging a high risk colli 

sion object relative to a host vehicle comprising the steps of: 
A) using N passive sensors to image a three-hundred and 

sixty degree vieW from said host vehicle, each of said N 
passive sensors having a corresponding horizontal ?eld 
of vieW (hFOV), each said hFOV from one of said N 
passive sensors overlapping at least one of said hFOVs 
from another of said N passive sensors; 

B) comparing contrast differences in the hFOVs to identify 
a unique source of motion (hotspot) that is indicative of 
said object; 

C) correlating a ?rst hot spot in said hFOV of one of said N 
passive sensors to a second hot spot in all other said N 
passive sensors that have overlapping said hFOVs With 
said one of said N passive sensors to yield a range, 
azimuth and trajectory data for said object; 

D) sequentially repeating said steps B) and C) at predeter 
mined time intervals to yield changes in said range and 
azimuth data of the detected hot spot; and, 

E) assessing collision risk of said host vehicle With said 
object according to said changes in said range and azi 
muth data from said step D). 

2. The method of claim 1 Wherein said step A) is accom 
plished using said N passive sensors that have a horizontal 
?eld of vieW (hFOV) of 360/N degrees, said step A) being 
further accomplished by placing said N passive sensors in a 
circular arrangement and radially equiangular from each 
other. 

3. The method of claim 2 Wherein said N passive sensors 
are visible light cameras. 

4. The method of claim 2 Wherein said N passive sensors 
are infrared (IR) cameras. 

5. The method of claim 1 Wherein said step A) is accom 
plished With said hFOV’s that overlap. 

6. The method of claim 1 Wherein said step A) is accom 
plished With said N passive sensors that have a vertical ?eld of 
vieW (vFOV), and further Wherein said vFOVs establish a 
minimum range detection for said object. 

7. The method of claim 1 Wherein said step C) is accom 
plished With one of said N passive sensors, Wherein said step 
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D) is accomplished With another of said N passive sensors 
that is adjacent to said one of said passive N sensors from said 
step C). 

8. The method of claim 1 Wherein said second sensor from 
said step D) is accomplished using at least tWo of said N 
passive sensors that are not adjacent to each other. 

9. The method of claim 1 further comprising the step of: 
F) calculating a collision response for said host vehicle 
When said collision risk from said step E) is above a 
predetermined level. 

10. A method of avoiding a collision With a object com 
prising the steps of: 

A) arranging a plurality of N passive sensors on a host 
vehicle, each said N passive sensor having a horizontal 
?eld of vieW (hFOV), said plurality of N passive sensors 
collectively attaining a three hundred and sixty degree 
hFOV from said host vehicle; 

B) detecting said object in a ?rst hFOV from one of said N 
passive sensors; 

C) sensing said object in a second hFOV from another of 
said N passive sensors; said second hFOV cooperating 
With said ?rst hFOV to establish an overlapping region, 
said object being located in said overlapping region; 

D) correlating said ?rst hFOV and said second hFOV With 
a central processor to calculate azimuth, range and tra 
jectory data for said remote object relative to said 
vehicle; and, 

E) determining collision risk of said host vehicle With said 
remote object according to said data. 

11. The method of claim 10 further comprising the step of: 
F) determining a collision avoidance response When said 

collision risk is above a predetermined level. 
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12. An apparatus for automatic omni-directional collision 

avoidance comprising: 
a plurality of N passive sensors mounted on a vehicle; 
each of said N passive sensors having a horizontal ?eld of 

vieW (hFOV), each said hFOV from one of said N pas 
sive sensors overlapping at least one of said hFOVs of 
another of said N passive sensors, said plurality of N 
passive sensors being mounted to said vehicle to estab 
lish a three-hundred and sixty degree horizontal ?eld of 
vieW (hFOV); 

said of said N passive sensors comparing contrast differ 
ences in its respective said hFOV to identify a unique 
sources of motion (hot spots) that are indicative of the 
presence of an object in said hFOV; 

a means for processing said hot spots by to assess collision 
risk of said vehicle With said object according to said 
data; and, 

said processing means correlating a ?rst said hot spot in 
said ?rst hFOV of one said N passive sensors to at least 
one other said hot spot in at least other of said hFOVs of 
said another of said N passive sensors to yield a range, 
azimuth and trajectory data for said object. 

13. The apparatus of claim 12 Wherein said means for 
processing comprises: 

a plurality of N image processors, each said image proces 
sor being operatively coupled to a respective said N 
passive sensor for determining said hot spots in said 
hFOVs; and, 

a central processor for receiving inputs from said N image 
processors to yield said data. 

* * * * * 


